Abstract-The objectives of this experiment were to assess the performance of an L-band, 25-cm wavelength imaging synthetic aperture radar (SAR) for soil moisture determination, and to study the temporal variability of radar returns from a number of agricultural fields. A series of three overflights was accomplished during March 1977 over an agricultural test site in Kem County, CA. Soil moisture samples were collected from bare fields at nine sites at depths of 0-2, 2-5, 5-15, and 15-30 cm. These gravimetric measurements were converted to percent of field capacity for correlation to the radar return signal. The initial signal film was optically correlated and scanned to produce image data numbers. These numbers were then converted to relative return power by linear interpolation of the noise power wedge which was introduced in 5-dB steps into the original signal film before and after each data run. Results of correlations between the relative return power and percent of field capacity (%FC) demonstrate that the relative return power from this imaging radar system is responsive to the amount of soil moisture in bare fields. The signal retumed from dry (15%FC) and wet (130%YFC) fields where furrowing is parallel to the radar beam differs by about 15 dB. Problems remain to be resolved before this technique can be operationally employed. First, adequate calibration of the radar system is required to insure comparability of data both from area to area within a single flight and between different flights. In addition, more study is needed of the effect of surface roughness on the SAR return which appears in some cases to mask out differences in relative return power due to soil moisture variation. Lastly, furrow direction in relation to beam direction has a significant effect on radar return and needs more study.
INTRODUCTION IN RECENT YEARS a substantial research program funded
1by NASA has begun to develop remote-sensing techniques for the determination of soil moisture content. Presently this research effort is being driven by potential applications in the areas of hydrology, agriculture, weather, and climate. In hydrology, surface runoff after a rainstorm is an important factor in the control and management of stream flow for the optimum use of water supplies and the prevention of flooding. The portion of precipitated water that can be stored in the near surface zone depends on the characteristics of the surfacesoil conditions (e.g., the amount of moisture in the soil) before the storm began and how much rain would have to fall before saturation will occur. In agricultural fields, knowledge of the moisture content in near surface layers can be used to monitor the growth of plants in their early stages. In addition, reManuscript received July 5, 1980 . This paper presents the results of one phase of research carried out at JPL, California Institute of Technology, under Contract NAS7-100, sponsored by NASA.
A. T motely sensed soil moisture data could aid in gaining a greater insight into the mechanisms (e.g., evapotranspiration) which affect moisture flux from the ground surface to the atmosphere, a critical input for understanding the total global hydrologic cycle.
The objectives of this experiment were to assess the performance of an L-band, 25-cm wavelength imaging radar for soil moisture determination and to study the temporal variability of radar returns from a number of agricultural fields. Several other experiments were conducted to remotely determine the soil moisture content by imaging radar technique. This experiment is the first designed to minimize the effects of vegetation cover and surface roughness on the radar return by repetitive meagurements over the test fields.
The experiment, sponsored by the Goddard Space Flight Center, employed the Jet Propulsion Laboratory (JPL) L-band imaging synthetic aperture radar system in a series of overflights of an agricultural test site in Kern County, CA (see Fig. 1 In this study, we have attempted to minimize these problems in the most appropriate manner given the resources available. This was done by flying the system on three different days using the same flight tracks and radar system parameters. Noise power was then inserted into the L -band receiver at nine levels (in 5-dB steps between -95 dB and -55 dB) and recorded on the signal film at the beginning and end of each of the data runs. These noise power wedges were then correlated, along with the image signal and scanned along with the radar images. The scanning of the image transparency produced by the normal optical correlation of the signal film, was conducted on a Perkin-Elmer PDS Series IOOOC microdensitometer with an azimuth and range aperture of 20 um and an azimuth and range spacing of 20 ,im. By comparing the wedge data number and the image data number, as recorded on the digital tapes, it is possible to convert the image data number into receive power. This methodology is particularly useful in linearizing the radar data and in calculating the relative backscatter coefficient. Following scanning, the levels were averaged and filtered to produce a set of relatively smooth curves in the range direction; an example is shown in Fig. 3 (3) where r is the range time delay from nadir and Pr is calculated using the noise power wedges and the scanned radar images
The resultant data can then be played back to give geometrically corrected images of the estimated backscatter coefficient. An example of fmal image is given in Fig. 4 . In order to convert the digital data to relative return power (dBw), a calibration equation was derived by linear regression of the noise power wedge collected during the three data flights. In this experiment, most of the sampled fields were located between 150 and 250 radar incidence angle. Therefore, only the results with incidence angle near 200 were shown in 
FIELD VERIFICATION
The field sampling design employed in this experiment was designed to test the ability of the L-band system to detect moisture in nonvegetated fields with furrows parallel to the radar beam and with homogenous soil types. We attempted to optimize flight scheduling and the selection of a test transect in an area of irrigated agriculture for a temporal range of data and a wide range of soil moisture variation. The results, although not providing a large temporal range of data (due to scheduling problems), did achieve a good range of moisture conditions due largely to the occurrence of precipitation during the experiment (average seasonal rainfall for the study area is less than 12.7 cm per year).
Fields were selected for sampling after preliminary field veri- Samples of the soil moisture and percent of field capacity data are shown in Tables I and II. Tables III and IV , respectively, give the field average percent moisture content by weight and the field average percent of field capacity.
RESULTS AND ANALYSIS
To derive the SAR backscatter from bare soil fields, it was necessary to obtain the average data number within each sampled field boundary. In this study, these averages were obtained by using the Atmospheric and Oceanographic Information Processing System (AOIPS). This system produces a tonecontrast black and white visual image of the digital data numbers on a cathode ray tube. From the visual image, the field boundaries were identified for each field from which ground soil moisture measurements were taken. Built-in software within the AOIPS was used to calculate the mean and the standard deviation of each field. A typical distribution function of the SAR data for a test field is shown in Fig. 6 . Subsequently, these field averages were converted to relative return power by (4) . The results are tabulated in In examining all the available data, the radar return did not appear to correlate well with the measured soil moisture and percent field capacity. This was probably due to the combined effects of soil moisture content and surface roughness variations, particularly the furrow direction (see [5] ).
In order to separate the effects of soil moisture and surface roughness, the data were divided into two categories according to the field condition. They are 1) furrowed fields with maximum clod size 2.5 cm to 12.5 cm, including fields 1, 2, 3, 4, 9, 10, 11, and 12, and 2) unfurrowed fields with maximum clod size 15 cm to 20 cm, including fields 5, 6, 7, and 8. The furrowed fields were all oriented in a north-south direction which was parallel to the radar beam. The furrow width was approximately 100 cm and height is about 20 cm. The linear regression between the 0-2 cm %oFC and the relative return power from furrowed fields is significant at the 1-percent level (r2 of 0.69). The estimated error of %FC is 19.4 percent. The regression equation is %FC = 537.64 + (4.95 X P (dBw)).
Fig. 7 displays the relative return power from furrowed fields versus %FC. Although the estimated error for 0-2 cm %FC is quite large, it appears adequate to separate surface soil moisture conditions in dry, medium dry, and wet categories.
As can be seen in Fig. 7 CONCLUSIONS Results from this experiment demonstrated that the return from imaging radar is responsive to the amount of soil moisture in the surface of bare fields where furrowing is parallel to the radar beam. The signal returned from dry (15%FC) and wet (130%FC) fields differs by about 15 dB. The signal from non-furrowed fields appears to be unresponsive to soil moisture differences. However, there are problems that need to be resolved before this technique can be used in an operational application. First, adequate calibration of the radar systems will be required so that meaningful comparisons can be made for multitemporal data sets. Accurate systems calibration insuring the comparability of data from area to area within a single flight and between different flights is a basic requirement, and is needed before SAR data can be utilized to operationally monitor either hydrological or agricultural parameters. Without such calibration the correlation of data from different dates, a critical parameter is establishing saturation trends required in both hydrologic and agricultural forecasting, is impossible to obtain in any operationally meaningful manner.
The effect of surface roughness needs to be determined before this technique can be used for soil moisture determination even with this repetitive measurement technique. In this experiment the surface roughness appears to mask differences in relative return power which are thought due to soil moisture variation. The results indicate this to be a more significant problem in non-furrowed rather than in fields with parallel to the radar beam furrowing. More study including a more thorough documentation of surface condition is required to fully evaluate surface roughness effects on backscatter and accurate documentation of moisture conditions.
Both the frequency and angle selections are critical items in measuring the soil moisture condition by radar technique. In this study the radar return from an L -band SAR (25 -cm wavelength) at nadir incidence angles between 150 and 250 is used to study the temporal variability from agricultural fields. Although this SAR configuration does not represent the optimum condition derived by Ulaby and Batlivala [6] , the results seem to demonstrate the potential in determining the moisture content by this technique.
